Abstract.Planetary gear trains produce several advantages, including high speed reduction, compactness, greater load sharing and higher torque to weight ratio, which are used widely in wind turbine, automobiles, robot and other applications. In some important transmission applications, the noise and vibration are key concerns in design. In this paper, a 3D dynamic contact and impact analysis model of planetary gear trains has been proposed. Tooth surface friction, backlash, tolerance of peg hole, and time-varying stiffness were considered in this dynamic model. 
Introduction
Regarding the correct analysis of gear transmission, the primary condition is that the components of the gear transmission must be analyzed separately. This method deconstructs a complicated problem into several problems that are relatively simple to solve. However, during the decomposition process, several mutually influential factors must be considered. Additionally, only by identifying the primary influential factor can accurate results be achieved. Research of the dynamic characteristics of planetary gear systems involves calculating the natural frequency of the system, vibration mode, dynamic deformation, and dynamic power [1] [2] [3] [4] [5] . However, August and Kasuba [6] considered the influence of changes in the gear meshing rigidity and sun gear fixed method on the dynamic power of planetary gear systems and identified the relatively superior properties of fixed sun gear design. Velex and Flamand [7] also obtained the same results. When considering time variation.
Wear in the gear design, backlash, contact ratio, and gear tooth strength are important parameters that influence the gear. Use optimum gear modification and teeth trimming gear design methods has become an important strategy to improve the performance of gears. The focus of gear design is the matching of the gear strength and the contact rate, and using tip relief methods to improve the dynamic characteristics and life expectancy of planetary gear systems. Shuting Li [8] investigated the difference between the theoretical planetary gear contact problem method and numerical analysis, using finite element software to simulate the three-dimensional contact analysis and load distribution of the gear.
Research method

Finite Element Method
The finite element method (FEM) is one of common method to aimed at analyzing physical property. In this study, we apply LS-DYNA software to solve the gears contact/impact problem with nonlinear geometry, nonlinear material, and nonlinear contact. When solving dynamic problems, the all analysis time must be divided into numerous sections and the physical quantities in time be solved based on the physical quantities in time t. The general temporal integration can be summarized as the implicit integration and the explicit integration. In LS-DYNA software, a central difference method is applied to the explicit time integration. The advantages of this method are that no convergence issues or demand to solve simulta-neous equations exists; however, the disadvantage is that an extremely small time step is required for stability. Therefore, to ensure the program is executed correctly, the size of the increment time must be considered during the analysis. In general, Newmark Method algorithm proposed by Hughes (1987) is also used frequently. A single degree of freedom system with mass-spring-damper is expressed as discrete equations of motion [9] .
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Where, symbol u means the acceleration, u means the velocity, u means the displacement, ( ) p t means the external force, m means the mass, c means damping coefficient, and k means the stiffness matrices. Eq. (1) is considered as a linear equation of motion, while , , m c k are constant. Therefore, the ordinary differential equations can be solved using the analysis method.
Finite element model of the micro planetary gear
In this paper, the analyzed elements of gears in the 3D dynamic contact/impact FE model are created by using C++ program directly to obtain high meshing quality as shown in Fig. 2 . First, the true gear tooth surfaces that calculated by differential geometry theory were imported into the Pro/ENGINEER software to create the three-dimensional model of the planetary gears. The design parameters of the planetary gears were listed in Table 1 . Then, the finite element model grids of the planetary gears were created by HyperMesh software. The ANSYS/LS-DYNA software is used to solve the dynamic responses of carrier runout after allotting suitable materials, boundary conditions, and other required settings. To produce a high-quality finite element grid, with an easily adjustable density and distribution, the tooth of the planetary gear must be divided into multiple quadrilateral blocks. With the involute profile of the tooth and the starting point of the tooth root fillet, a reference point O in the middle of the tooth surface is set as the basis for segregating the tooth surface area by dividing the blocks into quadrilateral areas, as shown in Fig. 1 .
The analytic accuracy of the meshing gears depends on the number of grids, which distribute the working area (involute profile) and the tooth root fillet. Therefore, the finite element model with the appropriate grid density, not only can the precision of the finite element model be enhanced, but the analysis time can also be reduced.
Mechanical property settings for the material in the micro planetary finite element model
The micro planetary gears model used in this study include (1) a sun gear; (2) three planets; (3) a ring gear; (4) a carrier; and (5) three planetary axles (as shown in Fig. 2 ). The sun gear meshes simultaneously with the three planets, while the three planets mesh with the ring gear, which means that the model of the entire gear has six mesh points during every movement. In this model, the backlash is set to 0.05 mm, and the assembly clearance between planetary axles and planetary gear holes is set to 0.02 mm. A compact gear box was considered, the ball bearing design was not adopted for the micro planetary gear model. When a mutual rotational motion relationship exists between two model components in this study, medium-carbon steel (S45C) and copper are selected for the materials to reduce the friction between the two contact surfaces. In this model, copper material was set to the carrier. Medium-carbon steel (S45C) was also selected for the three planetary axles. The material for the remaining components was also medium-carbon steel (S45C) because of consideration its strength. Table 2 shows. In the explicit dynamics software LS-DYNA, because speed and torque must be defined in the rigid body, the materials in the models should be divided into two material properties: rigid body and plastic body, respectively. The rigid body drives the plastic body to rotate (the rigid and plastic bodies are marked in red and blue , respectively); thus, the material property parameters should be inputted as shown in Fig. 2 . The properties of materials and elements in the model are shown in Table 3 . Table 3 . The element properties applied in this study
Boundary condition settings of the micro planetary gear
During the meshing process of the micro planetary gear, the sun gear acts as the driving gear at a specific constant speed, causing the planetary gear to revolve and rotate. By contrast, the ring gear does not move and the planetary gear drives the planetary shaft to revolve and rotate. Finally, the planetary shaft drives the carrier to produce a rotation output. Therefore, the sun gear is set to possess an angular velocity and torque. Because the driven gears must achieve a balance of torque with driving gears, the driven gears should include an anti-torque mechanism to counterbalance the driving gears. The constraints of displacement and rotation conditions were determined as shown in Table 4 Fig . 2 The planetary gears model
The penalty function method is applied for the tooth contact in this study. The contact type adopted in this study was the "automatic surface-to-surface contact" of two-way contact. This contact type automatically detects any collision between objects on both sides and is easy to define. However, when defining contacts, including all objects is not necessary, only the object elements with contact should be included. 
Simulation results of the micro planetary gears contact/impact analysis
In this study, the driving sun gear set with power 10 watts and rotational speed 10,000 R.P.M. Fig.  3 shows a planet gear, along the tooth profile direction three nodes were chosen to compare the effective stress of transient state with steady state. Fig. 4 shows the variation of the effective stress of the chosen three nodes during the transient state. Here, we can find a interesting condition, that the stress only appaers at the instantaneous impact time. Fig. 5 shows the variation of the effective stress of the chosen three nodes during the steady state. The effective stress of the chosen three nodes change gradually during the meshing. Comparing the maximum effective stress of the transient with steady state, the amount of stress reduce from 85 Mpa to 35 Mpa. The amount of effective stress during the transient meshing is about 2.43 times then steady meshing. Fig. 6 shows the effective stress distribution on three teeth of sun gear, which located at the same radius. The amount of stress were 110 Mpa, 75 Mpa, and 85MPa relatived to point A, B, and C, respectively. The main reason for the differential stress on symmetrical location was the vibration of the carrier. Choosing an arbitrary fixed node from the planetary carrier as the reference point, and the distance between the reference point and the rotation axis of sun gear set as a benchmark radius (0) R at time 0 t = (Fig.9) . During the motion of planetary gear, the position vector of the reference point is obtained and the corresponding radius ( ) t R is calculated. The radius variation ( ) t R ∆ of the reference point in the motion process is defined as vibration source of the gear box and expressed as follows:
Where,{ , t t x y } expressed as the coordinate of reference point during the motion at arbitrary time t. Then, the carrier runout with time domain can be obtained, as shown in Fig. 7 . By Fast Fourier Transform method, the carrier runout time domain will be transfer to the frequency response spectrum, as shown in Fig. 8 . 
Conclusion
In this study, a three-dimensional dynamic contact/impact analysis model of the micro-planetary gears was proposed. The real tooth surfaces of the planetary gears were calculated by differential geometry algorithm and the three-dimensional model was produced by Pro/Engineer software. The three-dimensional model was imported into the HyperMesh preprocessor to set up grid mesh. In this analysis model, elastic materials, contact/impact type, the friction force between two mating gear surfaces, tolerance of peg holes of the axle of planet gear, and backlash were considered. Here, we obtain position vectors (run-out) of the carrier during the motion of planetary gears by the calculation of the LS-DYNA software. Finally, by using the FFT technology, the run-out of the carrier with time domain was transformed into a frequency spectrum be provided for gearbox designer to avoid the resonance region.
